INTRODUCTION
A hierarchy of models is used to simulate dynamic loading on shock wave time scales. Coarse features of the material response are modeled with the equation of state, with a constitutive model added as a correction.
Although empirical data have played a dominant role in calibration, theoretical techniques are now being used to devise models and deduce parameters based on a sound physical understanding of material behavior on different length and time scales. An important component of model development is comparison with experimental data which test the components of the model. In the case of crystalline solids -a class which includes most structural materials -it is necessary to predict and measure the response of single crystals to dynamic loading, and to develop and test models of the collective response of a poly crystal ensemble.
The Trident laser at Los Alamos is a useful facility for experiments of this type. Trident is capable of generating fairly well-characterised pressure profiles of ~0.1 to 500 GPa lasting ~0.2 to 200ns. The laser has three beams for drive or *This work was performed under the auspices of the U.S. Department of Energy under contract # W-7405-EN G-36 probing, there is a large degree of flexibility in the beam characteristics, and a variety of diagnostics is available. It is also relatively straightforward to recover the sample after shocking, since there is less scope for subsequent damage or confusion from sabots or detonation products as occurs in gun and explosive experiments.
Because of the range of sample sizes which can be used, experiments can probe material response over several orders of magnitude in time, which is important in the study of time-dependent phenomena such as strength and polymorphism. In spall experiments, tensile strain rates from 10 5 to 10 8 /s can be produced. We have performed a range of experiments to characterize dynamic material behavior, mainly in support of the Inertially Confined Fusion (ICF) program. Shock waves are induced in the sample either by using the laser to accelerate a flyer plate which then impacts a stationary target, or by irradiating the sample directly.
DIAGNOSTICS
The main diagnostic used for materials work is velocimetry of the surface of the sample. We measure the velocity history using VISAR systems, in particular a line-imaging VISAR.(l) The line VISAR is used in our flyer experiments to measure both the flyer speed and the sample response; the shock speed can also be deduced from its arrival time.
We have also obtained transient X-ray diffraction (TXD) data from direct drive experiments on single crystals. A second beam from Trident is used to generate a hot plasma in a foil target; the plasma radiates predominantly in a single X-ray line which is used to observe the crystal lattice by Bragg scattering. The X-ray wavelength depends on the foil material and the laser energy; results have been obtained with manganese and titanium foils, giving wavelengths of 2.11 and 2.755 A respectively. We have used two X-ray streak cameras, together with time-integrating films, to obtain records of the scattering angle simultaneously in different directions. Line VISAR records are obtained in the same experiment. ( 
LASER-LAUNCHED FLYER PLATES
Laser energy can be used to launch a flyer plate efficiently by irradiating a working medium through a transparent substrate. The working medium is vaporized, and accelerates the flyer plate as it expands. This scheme can be refined by incorporating extra layers to insulate the flyer from the hot, expanding fluid and to prevent the fluid from escaping sideways. (Fig. 2.) Trident can deliver up to ~lkJ of energy, making it possible to accelerate relatively thick flyers and hence span the range of length scales between single crystals through small aggregates of polycrystals to samples fully representative of most materials used in engineering. However, for most of the ICF and plasma applications for which Trident was designed, the pulse length required was only ~lns. If a short pulse is used to accelerate a thick plate, the plate will ring up to speed rather than accelerating smoothly, and it may even spall. A system was developed to stretch out the Trident drive by applying a varying waveform to the acousto-optical element used to trigger the laser. This element initially blocks the beam, so no amplification takes place. In normal operation, it is switched to allow photons to pass and thus trigger the laser. In order to generate a long pulse, the element is switched almost off again immediately after triggering to reduce the rate at which the intensity builds up in the laser cavity, and then gradually switched back on to generate the desired pulse shape. In this way, pulses of an approximately Gaussian shape have been generated up to ~2 p,s long. We have accelerated copper flyers up to 100 p,m thick using a pulse 200ns wide.
In previous trials with drive pulses up to 60 ns long, sapphire substrates were found to perform well. With 200ns pulses, the drive efficiency was extremely low using a sapphire substrate. The explanation is not clear, but it is possible that the longer pulse and more massive flyer produced a pressure which was higher or more sustained, and the sapphire changed phase to a structure which was opaque. Flyers were launched successfully using glass and PMMA substrates.
A potential source of concern is the degree to which the flyer may be heated during acceleration. Recovered flyers show no evidence of heating. In experiments performed with copper flyers impacting copper or PMMA targets, the velocity history matched simulations of an initially unheated flyer.
The flyers can be used to impact a variety of types of target. If the flyer is made of the sample material, its equation of state can be measured by impacting it into a transparent window of known properties and observing the velocity history at the impact surface. The equation of state, strength, phase diagram and spall strength can be investigated by impacting the flyer into a target made of the sample material, and measuring the velocity history at the surface of the sample. This may be a free surface or be confined by a transparent window of known properties. (Fig. 3.) We have recently performed experiments on cerium, CeSc, and gold alloys; some samples were recovered (Fig. 4) . Analysis is in progress. 
DIRECT DRIVE
When a laser pulse of sufficient intensity illuminates condensed matter, the surface blows off as plasma and a compression or shock wave is driven into the material. In general a pulse of constant intensity does not drive a shock wave of constant pressure, so the pulse shape is adjusted to produce the desired loading history. The design and interpretation of direct drive experiments require radiation hydrodynamics simulations.
The laser intensity required to generate a shock wave by direct illumination is on the order of 10 14 W/m 2 , which Trident can deliver only as a short pulse. The pulse duration limits the thickness over which a shock of constant pressure can be generated, before the rarefaction from the drive surface makes it decay. In practical terms this thickness depends on the shock speed and sound speed in the shocked state, both of which vary with the material and shock pressure. For most materials the pulse length of ~2 to 4 ns constrains the sample thickness to a few tens of pm.
The Trident beams contain spatial inhomogeneities which may be significant in directlydriven shocks. For material property experiments the drive beam is smoothed spatially using a random-phase plate or Fresnel zone plate. These components operate correctly for a single photon wavelength and spot size on the target, so the spot size (and thus intensity scale) is constrained by the components available: spot diameters of 4, 0.6 and 0.15mm spot diameter using green light, and 5mm in the infra-red. A 4mm spot is sufficient to generate shock waves up to several tens of GPa. A 0.6mm spot allows shock waves of ^ITPa to be produced. These diameters are much greater than the sample thickness, so the loading history is ID over almost the whole diameter, in typical materials experiments.
In the direct drive experiments, the shock propagates from the illuminated surface to the opposite side of the sample. This face may be free or confined by a window. The velocity history is measured at the sample surface with VISARs. We have used wedged or stepped samples to provide better data on the shock speed and evolution of the wave structure. (Fig. 5.) There are several potential pitfalls in direct drive experiments. If the material irradiated by the laser does not have a low atomic number then a significant level of X-rays may be produced. These can pre-heat the material. We have performed experiments driving materials with atomic number up to 29 (copper) with no evidence of preheat. When direct illumination of a material could cause problems, it is possible to mount the material on another of lower atomic number or to coat the sample with a layer of an appropriate material. Another problem is that plasma or hot electrons from the irradiated surface may flow very quickly around the sample -particularly if it is not light-tight -and obscure any optical diagnostics. We had considerable difficulty with experiments on aluminum and silicon driven between several tens and several hundreds of GPa; one palliative was to fit a conductive mask around the driven side of the sample to increase the distance which any plasma or hot electrons had to travel before they could interfere with the diagnostics.
We have performed direct drive experiments on silicon, aluminum, iron, beryllium and NiTi. (2-4) 
CONCLUSIONS
We have found the Trident laser to be a useful and versatile facility for measuring the response of materials to dynamic loading. Laser-launched flyer plates allow pressures of up to ~100 GPa to be generated in samples up to ~lmm thick. Direct laser illumination provides pressures of up tõ lTPa. Shock wave diagnostics include VISAR velocimetry (point and line), and transient X-ray diffraction.
We have seen no evidence of preheat in flyer plates or directly-driven samples.
